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TECHNICAL FIELD 

This invention relates to optical transmission sys- 
tems and, in particular, to arrangements for reducing 
the effect of group-velocity dispersion in optical fib- 5 
ers. 

BACKGROUND OF THE INVENTION 

When optical waves of different wavelengths 10 
propagate along an optical fiber, they do so at differ- 
ent group velocities. This so-called chromatic, or 
group-velocity dispersion causes pulse broadening 
which limits the rate at which information can be car- 
ried through an optical fiber. Recently, there has been 1 s 
interest in dispersion compensators that use dual- 
mode fibers operated in the LP n spatial mode, close 
to their cutoff wavelength. Because higher-order spa- 
tial modes in optical fibers exhibit large, negative 
chromatic dispersion, such an arrangement provides 20 
a means for compensating for the positive dispersion 
in conventional single-mode fiber spans. See, for ex- 
ample, U.S. patent 5,185,827, issued February 9, 
1993, and assigned to applicant's assignee. 

The attractiveness of using a dual-mode fiber for 25 
dispersion compensation stems from the ability to 
achieve large negative waveguide dispersion by op- 
erating close to the cutoff wavelength of the LP U 
mode, thereby minimizing the amount of fiber re- 
quired to compensate a given amount of positive dis- 30 
persion. While the use of less fiber reduces losses, 
operation close to cutoff greatly increases sensitivity 
to bending losses, and it is these losses that place a 
practical limit on how much dispersion compensation 
can be realized. 35 

An alternative approach to this problem is the use 
of dispersion shifted fibers, as described in the article 
by V.A. Bhagavatula et al., entitled "Segmented Core 
Single-Mode Fibers with Low Loss and Low Disper- 
sion," published in Electron Lett. 19, 317 (1983). 40 
However, such fibers tend to be much lossy than one 
would like. 

It is, accordingly, an object of the present inven- 
tion to effect low loss dispersion compensation with- 
out the use of long lengths of optical fibers or specially 45 
designed fibers. It is a further object of the invention 
to effect such compensation by means that are not 
sensitive to spatial mode orientation. 

SUMMARY OF THE INVENTION 50 

When an optical pulse propagates along an opt- 
ical fiber, the different wavelength components mak- 
ing up the pulse propagate with different group veloc- 
ities. This results in a change in the relative phases 55 
of these components and the resulting broadening of 
the pulse. In accordance with the present invention, 
these phases are restored and the pulse narrowed by 



separating the different wavelength components and 
selectively delaying them. 

It is an advantage of the present invention that all 
the components needed to produce wavelength sep- 
aration, delay and recombination can be achieved by 
substantially lossless means. It is a further advantage 
of the invention that the entire dispersion compensa- 
tor can be fabricated using integrated optical techni- 
ques. 

These and other objects and advantages, the na- 
ture of the present invention, and its various features 
will appear more fully upon consideration of the vari- 
ous illustrative embodiments now to be described in 
detail in connection with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows an illustrative optical fiber commu- 
nication system to which the invention relates; 
FIG. 2 shows, in block diagram, a dispersion com- 
pensator in accordance with the teachings of the 
present invention; 

FIG. 3 shows the wavelength distribution of a typ- 
ical optical pulse; 

FIG. 4 shows the wavelength distribution of the 
input and output signals associated with the input 
demultiplexer; 

FIG. 5 shows the differential delay lines and the 
delays associated with the different wavelength 
signal components; 

FIG. 6 shows a multiplexer/demultiplexer com- 
prising two star couplers connected by means of 
a plurality of differential delay lines; 
FIG. 7 shows a dispersion compensator, in accor- 
dance with the invention, using multiplexer/de- 
multiplexers employing reflective focusing dif- 
fraction gratings; and 

FIG. 8 shows a dispersion compensator using 
bandpass filters to achieve wavelength separa- 
tion. 

DETAILED DESCRIPTION 

Referring to the drawings, FIG. 1 shows an illus- 
trative optical fiber communication system 10 to 
which the invention relates. Typically, such a system 
includes an optical transmitter 11 whose output com- 
prises a series of optical pulses 15, an optical receiver 
12, and an interconnecting optical f iber link 13. How- 
ever, because the velocity with which optical wave 
energy propagates along a fiber varies as a function 
of wavelength, all optical fibers, both single-mode 
and multi-mode, introduce dispersion, which results 
in a broadening of the optical pulses as they propa- 
gate along the fiber. Because this broadening reduc- 
es the information carrying capacity of the system, 
various techniques for reducing the effects of wave- 
length dispersion have been proposed. Accordingly, 
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a dispersion compensator 14 is typically included at 
the output end of the fiber link 13 where the broad- 
ened pulses 16 are restored to their original shape 17. 
In effect, the dispersion compensator introduces a 
negative dispersion, expressed in the common units 5 
of picoseconds per nanometer per kilometer, that 
compensates for the dispersion produced in the fiber 
link. 

FIG. 2, now to be considered, shows, in block di- 
agram, a dispersion compensator 20 in accordance 10 
with the teachings of the present invention. The com- 
pensator comprises an input demultiplexer 21 and an 
output multiplexer 22 connected by means of a plur- 
ality of differential delay lines 23. 

The operation of the compensator is based upon 15 
the recognition that the optical pulses have a wave- 
length distribution A that can be divided into a plur- 
ality of subbands of width A X, centered about wave- 
lengths A. 1f X 2 ... \ as illustrated in FIG. 3. Because 
the propagation velocities of the different wavelength 20 
components are different, the phase relationships 
among the various components are disturbed, result- 
ing in the undesired pulse broadening. In order to re- 
store the correct phase relationships among the wa- 
velengths components, in accordance with the inven- 25 
tion, the components are separated by the demulti- 
plexer and compensatory delays introduced. Thus, 
the first step in the compensation process is to sep- 
arate the several different wavelength components. 
This is illustrated in FIG. 4, which shows the input de- 30 
multiplexer 21 to which all of the wavelength compo- 
nents X lP X 2 — h are applied, and whose output com- 
prises the separated, individual wavelength compo- 
nents. 

Because the shorter wavelength components 35 
tend to propagate at higher velocities than the longer 
wavelength components, compensation requires that 
they be delayed more than the longer wavelength 
components. Accordingly, the delays in the differen- 
tial delay lines are adjusted as a function of the com- 40 
ponent wavelength. For example, in FIG. 5 the length 
f i of the delay line 23-i for the longest wavelength sig- 
nal X| is less than that of all the other delay lines inas- 
much as it propagates at the slowest velocity. The 
length of the delay line for the shortest wavelength 45 
signal \, is the longest being equal to f f plus some 
differential length Af j. For all the intermediate wave- 
length signals, X 2 , X 3 the lengths of the delay lines 

23-2, 23-3...are f 1 + Af 2 , f t + a£ z ... respectively, 
where Af , > Af 2 > Af 3 ... >Af - t . 50 

Having re-established the proper phase relation- 
ships among the several wavelengths, the compen- 
sated signals are recombined in the output multiplex- 
er 21. 

As an example, let us consider a transmission fib- 55 
erof length Lover which a signal of bandwidth B is be- 
ing transmitted. For a fiber dispersion g ps/nm/km, 
the total time spread AT of the received signal due to 



dispersion is given by 

AT = BgL. (1) 

For 

g = 15 ps/nm/km 
B = 10 Ghz - 0.07 nm 

and 

L = 100 km, 
AT = 100 ps. 
The increased length 2_ of the resulting pulse trav- 
eling through the fiber is 

t = c/nAT (2) 
where c is the velocity of light and n the refractive in- 
dex of the fiber. In the instant case, for n = 1.5, 
? = 2 cm. 

To compensate for this, the length difference Aft 
between the longest delay line 23-1 and the shortest 
delay line 23-i is, accordingly, 2 cm. The differential 
lengths for the intermediate lines would be scaled in 
proportion to the wavelength of the several signal 
components. 

FIG. 6 illustrates a multiplexer/demultiplexer that 
can be used to implement the invention. The device 
is of the type described by C. Dragone in a paper en- 
titled "An NxN Optical Multiplexer Using a Planar Ar- 
rangement of Two Star Couplers," published Septem- 
ber 1991 in IEEE Photonics Technology Letters, Vol. 
3, No. 9. This arrangement includes a pair of star cou- 
plers 60 and 61 connected by a grating 62, comprising 
an array of delay lines. In operation, an input signal, 
including a plurality of wavelength components X u 
k 2 ... Xf, is applied to star coupler 60. At the output of 
star coupler 61 the different wavelength components 
are separated and leave the coupler along its sepa- 
rate path for application to the differential delay lines 
23 of the compensator. 

FIG. 7 shows an alternate embodiment of a dis- 
persion compensator in accordance with the inven- 
tion using multiplexer/demultiplexers employing a re- 
flective focusing diffraction grating of the type descri- 
bed by M. Born and E. Wolf in their book "Principles 
of Optics" published in 1959 by The Macmillan Com- 
pany of New York. Also see the article entitled "Mono- 
lithic InP/lnGaAs/lnP grating spectrometer for the 
1.48-1.56 urn wavelength range" published by J.B.D. 
Soole et ai. in the 6 May 1 991 issue of Applied Physics 
Letters, 56. 

It is an advantage of the above-described devices 
that they are essentially lossless. Accordingly, the 
use of such devices to serve as the input demultiplex- 
er and output multiplexer in a dispersion compensator 
in accordance with the present invention is without 
penalty. 

In the embodiment of a dispersion compensator 
illustrated in FIG. 8, wavelength separation is ach- 
ieved by the use of bandpass filters. In this embodi- 
ment the dispersion compensator comprises an input 
star coupler 81 and an output star coupler 82, con- 
nected by means of the differential delay lines 83. Be- 
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cause all the wavelength components are present at 
the outputs of coupler 81 , each of the delay lines in- 
cludes a bandpass filter 84-1, 84-2, ... 84-i, tuned to 
pass one of the wavelength components. As ex- 
plained herein above, each delay line is adjusted to 5 
provide the delay appropriate to the wavelength 
passed by the filter in that line. While simpler to con- 
struct, the losses in such a device would be substan- 
tially higher than the losses using the multiplexer/de- 
multiplexers illustrated in FIGS. 6 and 7. 10 

In the discussion thus far, dispersion compensa- 
tion of only one input signal has been considered. 
However, optical transmission systems usually carry 
a plurality of multiplexed channels. In such cases, the 
invention can be employed to simultaneously com- 15 
pensate all the channels by designing the compensa- 
tor such that it has a free spectral range equal to the 
channel spacing, or a multiple thereof. 



Claims 



20 



1. A dispersion compensator comprising: 

an input demultiplexer; 

an output multiplexer; 25 
and a plurality of different delay lines con- 
necting the output ports of said demultiplexer to 
the input ports of said multiplexers. 

2. A dispersion compensator comprising: 30 

input means for separating an input signal 
onto its wavelength components; 

means for delaying said wavelength com- 
ponents different lengths of time; 

and output means for recombining said de- 35 
layed components in a common wavepath. 

3. The compensator according to claim 2 wherein 
shorter wavelength components are delayed lon- 
ger than longer wavelength components. 40 

4. The compensator according to claim 2 wherein 
said input means includes: 

a star coupler having an input port and a 
plurality of output ports connected to an equal 45 
plurality of wavelength filters; 
and wherein: 

said output means comprises a star cou- 
pler having a plurality of input ports coupled to 
said delay means; so 

and an output port coupled to said com- 
mon wavepath. 



55 
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